The recently discovered ammonia-oxidizing archaea (AOA) have been suggested as contributors to the first step of nitrification in terrestrial ecosystems, a role that was previously assigned exclusively to ammoniaoxidizing bacteria (AOB). The current study assessed the effects of agricultural management, specifically amendment of soil with biosolids or synthetic fertilizer, on nitrification rates and copy numbers of archaeal and bacterial ammonia monooxygenase (amoA) genes. Anaerobically digested biosolids or synthetic fertilizer was applied annually for three consecutive years to field plots used for corn production. Biosolids were applied at two loading rates, a typical agronomic rate (27 Mg hectare ؊1 year ؊1 ) and double the agronomic rate (54 Mg hectare ؊1 year ؊1 ), while synthetic fertilizer was applied at an agronomic rate typical for the region (291 kg N hectare ؊1 year ؊1 ). Both biosolids amendments and synthetic fertilizer increased soil N and corn yield, but only the biosolids amendments resulted in significant increases in nitrification rates and increases in the copy numbers of archaeal and bacterial amoA genes. In addition, only archaeal amoA gene copy numbers increased in response to biosolids applied at the typical agronomic rate and showed a significant correlation with nitrification rates. Finally, copy numbers of archaeal amoA genes were significantly higher than copy numbers of bacterial amoA genes for all treatments. These results implicate AOA as being primarily responsible for the increased nitrification observed in an agricultural soil amended with biosolids. These results also support the hypothesis that physiological differences between AOA and AOB may enable them to occupy distinct ecological niches.
The recently discovered ammonia-oxidizing archaea (AOA) have been suggested as contributors to the first step of nitrification in terrestrial ecosystems, a role that was previously assigned exclusively to ammoniaoxidizing bacteria (AOB). The current study assessed the effects of agricultural management, specifically amendment of soil with biosolids or synthetic fertilizer, on nitrification rates and copy numbers of archaeal and bacterial ammonia monooxygenase (amoA) genes. Anaerobically digested biosolids or synthetic fertilizer was applied annually for three consecutive years to field plots used for corn production. Biosolids were applied at two loading rates, a typical agronomic rate (27 Mg hectare ؊1 year ؊1 ) and double the agronomic rate (54 Mg hectare ؊1 year ؊1 ), while synthetic fertilizer was applied at an agronomic rate typical for the region (291 kg N hectare ؊1 year ؊1 ). Both biosolids amendments and synthetic fertilizer increased soil N and corn yield, but only the biosolids amendments resulted in significant increases in nitrification rates and increases in the copy numbers of archaeal and bacterial amoA genes. In addition, only archaeal amoA gene copy numbers increased in response to biosolids applied at the typical agronomic rate and showed a significant correlation with nitrification rates. Finally, copy numbers of archaeal amoA genes were significantly higher than copy numbers of bacterial amoA genes for all treatments. These results implicate AOA as being primarily responsible for the increased nitrification observed in an agricultural soil amended with biosolids. These results also support the hypothesis that physiological differences between AOA and AOB may enable them to occupy distinct ecological niches.
Until recently, ammonia-oxidizing bacteria (AOB) were considered to be the sole organisms responsible for ammonia oxidation (16) , the first and rate-limiting step in nitrification (21) . AOB catalyze the first step in ammonia oxidation, the oxidation of ammonia to hydroxylamine, via the enzyme ammonia monooxygenase (25) , and the catalytic alpha subunit of ammonia monooxygenase is encoded by the gene amoA (37) . Because the amoA gene is well conserved and present in all AOB (18) , it has become a popular target for cultivationindependent molecular studies of AOB (10) .
Recent evidence has called into question the exclusive role of AOB in catalyzing ammonia oxidation. Several metagenomic studies have discovered amoA homologues within archaeal genomes in both marine and terrestrial ecosystems, suggesting that some archaea might have the ability to oxidize ammonia (51, 59, 63) . The possibility of archaeal ammonia oxidation in soil was supported by Treusch et al. (59) , who demonstrated that archaeal amoA genes were expressed in soil and that their expression was increased by the addition of ammonia. Finally, Könneke et al. (33) were the first to isolate an ammonia-oxidizing archaean (AOA) in pure culture, demonstrating that the marine archaean "Candidatus Nitrosopumilus maritimus" contains the amoA gene and is able to oxidize ammonia in the absence of organic carbon. More recently, Leininger et al. (34) used quantitative real-time PCR of amoA genes to quantify AOB and AOA in pristine and agricultural soils and found that in all cases archaeal amoA genes outnumbered bacterial amoA genes.
These recent studies suggest that AOA may be playing a significant role in ammonia oxidation in soil. However, there is still no method available to distinguish nitrification mediated by AOB from nitrification mediated by AOA (58) , so the relative contributions of AOB and AOA to the process of nitrification in soils remain unclear (34) . Based on indirect evidence, some recent studies have suggested that ammonia oxidation in soils is driven primarily by AOA (58), while others have suggested that it is driven primarily by AOB (27) . Several recent studies have also demonstrated that AOA and AOB respond differently to environmental factors, including pH (44), salinity (42) , and heavy metal concentrations (35, 39) , suggesting that these two groups might occupy distinct ecological niches. Finally, there are many unanswered question regarding the physiological properties of soil AOA, because a pure culture of an AOA from soil has yet to be isolated (50) .
There is relatively little data available on the specific responses of both AOA and AOB to different agricultural practices (66) . This represents a significant knowledge gap, because nitrification can affect N availability, which is a critical issue for agroecosystems. Biosolids, the organic-matter-rich by-product of municipal wastewater treatment processes, are often used as a soil amendment to provide organic and inorganic nutrients, including N and P. The land application of biosolids has be-come increasingly common, with approximately 60% of the biosolids produced in the United States and approximately 50% of the biosolids produced in the European Union being land applied (26) . Land application of biosolids has been somewhat controversial in both the United States and the European Union due in part to concerns about potential increases in soil heavy metal concentrations (26) , and previous studies have demonstrated negative effects of biosolids-applied heavy metals on plants (2) and soil microorganisms (6, 9, 29) . However, since the enactment of the Clean Water Act, the levels of metals in U.S. biosolids have been significantly reduced, and biosolids in both the United States and the European Union must meet strict metal limits in order to be land applied (26) . A number of recent studies have demonstrated the beneficial use of biosolids to increase soil fertility (32, 53, 54) and for the reclamation of degraded soils (7, 28, 30, 31, 40) .
Unlike synthetic nitrogenous fertilizers, biosolids contain N in a mixture of organic and inorganic forms. In addition, biosolids may also include a number of other components that might stimulate (e.g., organic carbon, other inorganic nutrients) or inhibit (e.g., heavy metals) microbially catalyzed N cycling processes. Therefore, understanding how biosolids influence not only the total concentration of N in soil but also N cycling processes is critical to evaluating the potential impacts of biosolids in agriculture.
The current study was designed to test several hypotheses related to the responses of AOA and AOB to the application of biosolids to an agricultural soil. Specifically, we hypothesized that the repeated addition of biosolids would (i) increase soil N concentrations, (ii) increase rates of nitrification, and (iii) induce distinct responses in the population sizes of AOA and AOB.
MATERIALS AND METHODS

Biosolids.
The biosolids used in this study were generated at the Metropolitan Water Reclamation District of Greater Chicago's Stickney Water Reclamation Plant (WRP), which is located in Stickney, IL. The Stickney WRP has a design capacity of 4.5 billion liters per day. It serves 2.38 million people in a 673-square-km area, including the central part of Chicago, IL, and 43 suburban communities. The Stickney WRP is a secondary treatment plant, and it receives domestic and industrial sewage at an average ratio of 3:2. After primary treatment, the waste-activated sludge is anaerobically digested at 35°C for at least 15 days and dewatered by centrifuging to produce centrifuge cake biosolids. The biosolids used in this study met the USEPA exceptional quality (EQ) criteria with respect to metal concentration and class B criteria with respect to pathogen limits (61) . The pH of the biosolids was 7.93, and the total solid content (wt/wt) was 27.5%. The concentrations of nutrients and metals in the biosolids are listed in Table 1 .
Land application. The field plots were established on a 16-ha parcel of silty clay loam soil (fine, mixed, mesic Typic Haplaquolls) in the township of Florence in Will County, IL. There were four soil treatments: control, commercial N fertilizer (here referred to as fertilizer), biosolids applied at a typical agronomic rate (1ϫBS), and biosolids applied at approximately double the typical agronomic rate (2ϫBS). There were three replicate plots for each treatment. Biosolids and fertilizer were applied annually for three consecutive years (8 November 2004, 28 October 2005, and 11 November 2006). The timing of applications was based on standard practice for agricultural soils in this region. Biosolids were applied using a manure spreader (Ag Chem 2505 tandem axle floater) equipped with a RAM push box and double beater to ensure an even spread pattern. The spreader was calibrated to achieve the desired application rate by adjusting the RAM speed gear. Biosolid loading rates in the 1ϫBS and 2ϫBS plots were 27 Mg hectare Ϫ1 year Ϫ1 and 54 Mg hectare Ϫ1 year Ϫ1 (on a dry-weight basis), respectively. The commercial fertilizer plots received the typical agronomic rate of N (291 kg N hectare Ϫ1 year Ϫ1 applied as polymer-coated urea), P (34 kg P hectare Ϫ1 year Ϫ1 applied as P 2 O 5 ), and K (86 kg K hectare Ϫ1 year Ϫ1 applied as
. Control plots received no N application, but they received the typical agronomic rates of P and K. Corn was grown and harvested from all plots during each year of the project. Sample collection. Soil samples were collected in June 2007. One composite soil sample was collected from each of the treatment plots. Each composite sample was composed of 10 individual soil samples collected from randomly selected locations within the treatment plot that were at least 10 m apart. Samples were collected from the top 10 cm of soil and placed in Ziploc bags. Plant residues and other debris were removed by hand, and each composite sample was homogenized by mixing by hand. Samples were stored on ice for transport back to the laboratory. In the laboratory, all soil samples were sieved through a 2-mm sieve and stored at 4°C. Samples for molecular analyses were stored at Ϫ20°C in sterile 2-ml microcentrifuge tubes.
Chemical analyses. Total metals in soils were extracted by acid digestion using EPA method 3050 (62) , and available metals were extracted with Mehlich 3 extractant (38) . Total and available metals were quantified by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (62) . Soil pH (57) and electrical conductivity (48) were measured in a 1:2 (soil-water) slurry. Soil organic carbon was measured by the Walkley-Black method (64) . Available P was extracted by the Bray and Kurtz method (5) Microbial analyses. Nitrification rates were measured by the shaken soilslurry method (20) . Briefly, 15 g sieved soil was incubated at 22°C with shaking in 100 ml of a buffered solution (pH 7.2) containing 1.5 mM NH 4 ϩ and 1 mM PO 4 3Ϫ . At approximately 1, 5, 20, and 24 h, 10 ml of slurry was collected and centrifuged at 8,000 ϫ g for 8 min. This approach minimizes the impacts of denitrification and immobilization so that net nitrification rates are equivalent to gross rates (20) . Supernatants were stored at Ϫ20°C, and after completion of the assay the nitrate concentrations in the supernatants were determined with an automated ion analyzer (Lachat Instruments). Nitrification (net nitrate production) rate was calculated based on a linear regression of nitrate concentration versus time. The nitrification assay was run in quadruplicate for each soil sample.
Genomic DNA was isolated from each of the soil samples using the UltraClean soil DNA kit (MoBio Laboratories, Carlsbad, CA). Successful DNA isolation was confirmed by agarose gel electrophoresis. The amount of DNA isolated from each sample was determined with the Quant-iT DNA assay kit (Invitrogen, Carlsbad, CA). Copy numbers of bacterial and archaeal amoA genes were quantified based on real-time quantitative PCR (qPCR) by following the approach described by Mincer et al. (41) . All qPCR experiments were run using an MJ Research DNA Engine Opticon1 thermal cycler equipped with Opticon Monitor software, version 3.1 (Bio-Rad, Hercules, CA). Conditions for all qPCRs were as follows: 12.5 l QuantiTect SYBR green PCR master mix (Qiagen, Valencia, CA), 0.5 M final concentration of each primer, 1 l template, and water were added to a final 25-l volume. All primers were synthesized by Operon (Huntsville, AL). All reactions were performed in low-profile 0.2-ml white-strip tubes with optical ultraclear strip caps (Bio-Rad). Two to four analytical replicates were run for each sample. Specificity of qPCRs was confirmed by melting curve analysis and agarose gel electrophoresis. Bacterial amoA qPCR was carried out using the primers AmoA1-F and AmoA2-R (49). These primers were designed based on amoA gene sequences from a diverse set of AOB, including both Nitrosomonas and Nitrospira strains (49) , and have frequently been applied to the quantification of AOB from soils via qPCR (4, 27, 39, 44) . The standard used for quantification of bacterial amoA was genomic DNA prepared from Nitrosomonas europaea ATCC 19718, which has two copies of amoA per genome of 2.81 Mbp (8) . The N. europaea dilution series included 10-fold dilutions ranging from approximately 6 ϫ 10 6 to 600 copies of amoA. Thermal cycling was as follows: initial denaturation at 94°C for 15 min and 40 cycles of denaturation at 94°C for 15 s, primer annealing at 58°C for 30 s, extension at 72°C for 90 s, hold at 78°C for 1 s, and plate read. Finally, a melting curve was run from 50 to 95°C with a read every 1°C and a hold of 1 s between reads. Bacterial amoA copy numbers were normalized based on grams of dry soil.
Archaeal amoA qPCR was carried out using the primers Arch amoAF and Arch amoAR (18) . These primers were designed based on a library of archaeal amoA gene sequences from both marine and soil ecosystems (18) and have frequently been applied to the quantification of AOA from soils via qPCR (14, 15, 22) . Since genomic DNA from AOA is not readily available, the standard used for quantification was a plasmid containing a cloned archaeal amoA gene. This gene was amplified from community DNA obtained from a terrestrial soil using the Arch amoAF and Arch amoAR primers and the PCR conditions described by Francis et al. (18) . PCR amplicons were cloned with the TOPO-TA cloning kit (Invitrogen), and inserts were sequenced bidirectionally using M13F and M13R primers. Clone A1-1 was identified as an archaeal amoA gene via comparison to the GenBank nucleotide database using BLAST (1), and the sequence for clone A1-1 was deposited in GenBank under accession number GU294761. Clone A1-1 was used as the standard for archaeal amoA qPCRs, and its dilution series included 10-fold dilutions ranging from approximately 2 ϫ 10 7 to 200 copies of amoA. Thermal cycling was as described above for bacterial amoA with one exception: the annealing temperature was changed to 53°C. Archaeal amoA copy numbers were normalized based on grams of dry soil.
Statistical analyses. All data were analyzed by one-way analysis of variance (ANOVA) using Systat version 13 (Systat Software, Inc., San Jose, CA). Pairwise comparisons were based on Tukey's honestly significant difference (HSD) test. All data (except pH) were log transformed prior to ANOVA to account for unequal variances between treatments. Correlations between selected variables were assessed by determining Pearson product-moment correlation coefficients and probabilities using Systat version 13 (Systat Software, Inc.).
RESULTS
Annual application of biosolids to an agricultural soil for three consecutive years had significant effects on the microbial ecology of this system that were distinct from the effects of synthetic fertilizer. Nitrification rates differed significantly (P Ͻ 0.05) across the experimental treatments (Fig. 1) , and both of the treatments with biosolids resulted in significant increases in nitrification rates compared to the fertilizer treatment. The 1ϫBS treatment increased the nitrification rate by a factor of 1.7, and the 2ϫBS treatment increased the nitrification rate by a factor of 1.9 compared to the fertilizer treatment. The fertilizer treatment did not result in a significant change in nitrification rate compared to that of the control (Fig. 1) .
Archaeal amoA gene copy numbers varied significantly (P Ͻ 0.001) across the experimental treatments ( Fig. 2A) . Specifically, both the 1ϫBS and 2ϫBS treatments showed significantly higher numbers of archaeal amoA genes than the fertilizer treatment, while the fertilizer treatment did not result in a significant change in archaeal amoA gene copy number compared to that of the control treatment. Interestingly, archaeal amoA gene copy numbers were strongly correlated with nitrification rates (r ϭ 0.879, P Ͻ 0.001) (Fig. 2B) .
Bacterial amoA gene copy numbers also varied significantly (P Ͻ 0.05) across the experimental treatments (Fig. 3A) . The 2ϫBS treatment showed significantly higher copy numbers of bacterial amoA genes than the fertilizer treatment; however, the 1ϫBS treatment did not show a significant increase in bacterial amoA gene copy number compared to that of the fertilizer treatment, and the fertilizer did not result in a significant change in bacterial amoA gene copy number compared to that of the control treatment. Unlike the archaeal amoA data, bacterial amoA gene copy numbers did not show a significant correlation with nitrification rate (r ϭ 0.528, P ϭ 0.077) (Fig.  3B ). In addition, archaeal amoA genes significantly (P Ͻ 0.05) outnumbered bacterial amoA genes in all of the treatments. The ratio of archaeal to bacterial amoA genes ranged from a low of 2.6 in the fertilizer treatment to a high of 7.5 in the 1ϫBS treatment.
Corn yield varied significantly (P Ͻ 0.001) across the experimental treatments (Fig. 4) . The 2ϫBS treatment resulted in significantly higher corn yields than the fertilizer treatment. The 1ϫBS treatment did not produce corn yields that were significantly different from the fertilizer treatment, but both the 1ϫBS and the fertilizer treatments resulted in significantly higher corn yields than the control plots.
Additions of biosolids had significant positive effects on the nutrient contents of the soils that exceeded the effects of the fertilizer treatment (Table 2) . Specifically, soil organic carbon content varied significantly (P Ͻ 0.05) across treatments, with both the 1ϫBS and 2ϫBS treatments resulting in statistically significant increases in soil organic carbon content compared to that of the fertilizer treatment. The inorganic fertilizer, as expected, had no effect on the level of organic carbon in the soils (Table 2 ). Available P also varied significantly (P Ͻ 0.001) across treatments, with both the 1ϫBS and 2ϫBS treatments resulting in statistically significant increases in soil P compared to that of the fertilizer treatment. The 1ϫBS treatment increased available P by a factor of 3.7, and the 2ϫBS treatment increased available P by a factor of 5.2 compared to that of the fertilizer treatment, while the level of soil P in the fertilizer treatment plots did not differ from that of the control ( Table  2 ). The total concentration of soil inorganic N varied significantly (P Ͻ 0.001) across treatments, with the 1ϫBS and 2ϫBS treatments increasing in total inorganic N compared to that of the fertilizer treatment by factors of 3.0 and 5.7, respectively. The fertilizer treatment increased inorganic N by a factor of 1.5 compared to that of the control (Table 2) . Interestingly, the biosolids and fertilizer treatments had significant (P Ͻ 0.001) but distinct impacts on the oxidized and reduced forms of inorganic N. Specifically, the fertilizer treatment resulted in significantly higher levels of NH 4 ϩ -N than the biosolids treatments. The fertilizer treatment resulted in a 3-fold increase in NH 4 ϩ -N compared to that of the control, while the biosolids treatments resulted in no significant difference in NH 4 ϩ -N compared to that of the control (Table 2 ). In contrast, the biosolids treatments resulted in significantly higher (NO 3 Ϫ ϩ NO 2 Ϫ )-N than the fertilizer treatment, with the 1ϫBS and 2ϫBS treatments increasing (NO 3 Ϫ ϩ NO 2 Ϫ )-N by factors of 4.4 and 8.5 compared to that of the fertilizer, respectively, while the fertilizer treatment did not result in a significant change in the concentration of (NO 3 Ϫ ϩ NO 2 Ϫ )-N compared to that of the control ( Table 2 ). The various treatments also resulted in significant differences in ratios of (NO 3 Ϫ ϩ NO 2 Ϫ )-N to NH 4 ϩ -N, with the 1ϫBS and 2ϫBS treatments showing ratios of 26.2 and 44.5, respectively, the fertilizer treatment showing a ratio of 1.9, and the control showing a ratio of 4.7.
The biosolids and fertilizer treatments also exerted distinct effects on soil physical and chemical properties. The experimental treatments varied significantly in soil pH (P Ͻ 0.01). Although the biosolids treatments did not differ significantly from the fertilizer treatment in pH, the pH values in the biosolids plots were significantly lower than those in the control soil, moving the soil pH from slightly basic to slightly acidic ( Table 2 ). Electrical conductivity (EC), a useful indicator of soil salinity, also varied across the experimental treatments (P Ͻ 0.001). The 1ϫBS and 2ϫBS treatments resulted in increased EC compared to that of the fertilizer treatment, while the fertilizer treatment had no effect on EC (Table 2) . Correlation analysis was used to assess relationships between soil biological properties and soil physical and chemical properties. Compared with the soil physical and chemical variables, nitrification rate showed the strongest correlations with total inorganic nitrogen (r ϭ 0.749, P ϭ 0.005) and (NO 3 Ϫ ϩ NO 2 Ϫ )-N (r ϭ 0.732, P Ͻ 0.01) as well as a significant correlation with available P (r ϭ 0.692, P Ͻ 0.05). Archaeal amoA gene copy numbers showed the highest significant correlations with total inorganic nitrogen (r ϭ 0.938, P Ͻ 0.001) and (NO 3 Ϫ ϩ NO 2 Ϫ )-N (r ϭ 0.915, P Ͻ 0.001) as well as significant correlations with available P (r ϭ 0.827, P Ͻ 0.05) and organic carbon (r ϭ 0.758, P Ͻ 0.05). Similarly, bacterial amoA gene copy numbers showed significant positive correlations with total inorganic nitrogen (r ϭ 0.884, P Ͻ 0.01) and (NO 3 Ϫ ϩ NO 2 Ϫ )-N (r ϭ 0.863, P Ͻ 0.01), although these correlations were not as strong as those observed for archaeal amoA copy numbers. In addition, bacterial amoA gene copy numbers did not show significant correlations with available P (r ϭ 0.736, P ϭ 0.132) or organic carbon (r ϭ 0.347, P ϭ 1.00).
Finally, the impacts of the treatments on total and extractable soil heavy metal concentrations were examined ( Table 3) . The 1ϫBS treatment resulted in no significant changes in the total concentrations of heavy metals in the soil compared to those of the fertilizer treatment, with the exception of an increase in zinc; however, the level of Zn in the 1ϫBS-treated soil was well below the cumulative pollutant loading rate established by the USEPA (60) and was within the range reported in uncontaminated soils (17) . The 2ϫBS treatment did result in significant increases in total concentrations of Cd, Cr, Cu, Pb, and Zn compared to those of the fertilizer treatment; however, these levels were still well below the USEPA limits (60) and well within the range of uncontaminated soils (17) .
DISCUSSION
Nitrification in agricultural soils was stimulated by the addition of biosolids. This result was expected, as a positive effect of biosolids on nitrification has been observed previously (56) . Biosolids amendments also resulted in increased copy numbers of archaeal and bacterial amoA genes, which is suggestive of increases in AOA and AOB population sizes. While we are not aware of any previous study that has demonstrated effects of biosolids on AOA and AOB, the increases in the population sizes of these organisms were not unexpected, since the biosolids contained a significant amount of ammonium as well as other inorganic nutrients required for microbial growth (e.g., P and K). Interestingly, however, the AOA and AOB populations responded differently to the biosolids amendments. Specifically, application of biosolids at the typical agronomic rate (1ϫBS treatment) resulted in an increase in the copy number of archaeal amoA genes and an increase in nitrification rate but no change in the copy number of bacterial amoA genes, suggesting a link between AOA and nitrification in these soils. The relationship between AOA and nitrification was further supported by the significant positive correlations between archaeal amoA gene copy numbers and both nitrification rate and the concentration of oxidized N compounds in the soils. Wuchter et al. (65) observed a similar relationship between crenarchaeotal abundance and nitrite levels in the coastal waters of the North Sea, but they did not see a similar trend in the abundance of betaproteobacteria and gammaproteobacteria. Based on these data, Wuchter et al. concluded that the crenarchaea and not the proteobacteria were predominantly responsible for nitrification in that habitat during the winter (65) . The results of our study support a similar conclusion, i.e., that AOA and not AOB are the principal drivers of the increased nitrification in our system. This conclusion agrees with a recent study that demonstrated growth of AOA but not AOB in soil microcosms with active nitrification, which suggested that AOA and not AOB were primarily responsible for the observed nitrification in the microcosms (45) . However, our results contradict a recent study by Di et al. (14) that reported a significant relationship between the abundance of AOB and the rate of nitrification in a grassland soil but found no significant relationship between AOA abundance and nitrification rate. Similarly, Jia and Conrad (27) used amoA gene copy numbers and DNA stable-isotope probing to demonstrate that bacteria and not archaea were the key drivers of ammonia oxidation in an agricultural soil. Finally, another recent study found significant positive correlations between the population sizes of both AOB and AOA and potential nitrification rates in an agricultural soil in China (22) . There are several possible explanations for the distinct responses of AOA and AOB that were observed in our study. One possibility is that AOA outcompeted AOB at the lower biosolids application rate, but AOA were limited by some aspect of the higher biosolids application rate (2ϫBS treatment), thus giving AOB populations a chance to increase. One possible limiting factor for AOA in the 2ϫBS treatment might have been heavy metals. The 2ϫBS treatment resulted in some significant increases in total and extractable heavy metals in the soils, and Mertens et al. (39) recently demonstrated that AOB and not AOA drove the recovery of nitrification in soils artificially contaminated with Zn, suggesting that AOB had a higher heavy metal tolerance than AOA. Perhaps the higher heavy metal tolerance of AOB gave them a chance to compete more effectively with AOA in the plots with higher biosolids application.
Another possible explanation relates to the metabolic capabilities of AOA compared to those of AOB. AOB are known to be lithoautotrophs, and the recently isolated marine AOA "Candidatus Nitrosopumilus maritimus" was also shown to grow lithoautotrophically (33) . However, there is some evidence that suggests that soil AOA may be more metabolically versatile and may have the capacity to grow mixotrophically or heterotrophically by incorporating organic carbon (19, 24, 46) . An ability to grow using organic carbon might explain the ability of AOA to outcompete AOB when biosolids containing a high level of organic carbon were added to the soils. This hypothesis is supported by our observation of a significant correlation between archaeal amoA gene copy numbers and soil organic carbon concentrations and a lack of significant correlation between bacterial amoA gene copy numbers and soil organic carbon concentrations.
Finally, several recent studies have demonstrated that AOA may be adapted to growth at low ammonia concentrations. For example, recent studies have demonstrated that only AOB increased in number in soil in response to a high dose of ammonia substrate (14) and that AOA in grassland soils grew only under low-ammonia conditions (15) . In addition, recent analysis of an enriched group I.1b ammonia-oxidizing crenarchaeote demonstrated high activity at low ammonium concentrations and partial inhibition at high ammonium concentrations (21) . Although the biosolids applied in our study significantly increased total soil nitrogen concentrations, most of the nitrogen within the biosolids was in organic forms. It has been suggested that nitrogen mineralization is unlikely to generate high ammonium concentrations in soil due to assimilation of N by heterotrophic decomposers (55) , and indeed the soil ammonium concentrations in both the 1ϫBS and 2ϫBS treatments were not higher than that in the control soil. Therefore, the adaptation of AOA to the low ammonium concentrations in the biosolids treatments might have contributed to the differential responses observed for AOB and AOA in our study.
Another interesting finding of our study was that archaeal amoA genes outnumbered bacterial amoA genes in all of the treatments. The archaeal amoA copy numbers in our samples ranged from approximately 1 ϫ 10 7 to 1 ϫ 10 8 g Ϫ1 soil (dryweight basis), and the bacterial amoA copy numbers ranged from approximately 3 ϫ 10 6 to 3 ϫ 10 7 g Ϫ1 soil (dry-weight basis). These copy numbers are similar to those observed in a recent survey of agricultural soils (34) . In addition, the predominance of archaeal amoA genes in our soils agrees with recent studies that have demonstrated that archaeal amoA genes significantly outnumbered bacterial amoA genes in a variety of soils (22, 34, 44, 52) . However, several recent studies have contradicted these findings, reporting no significant differences in bacterial and archaeal amoA gene copy numbers in an Australian soil (39) and higher numbers of bacterial amoA than archaeal amoA genes in forest soils in Oregon (4). Therefore, it seems reasonable to conclude at this point that the relative numbers of AOA and AOB can vary in different soils, and further work is needed to provide insights into the factors that influence the relative numbers of AOA and AOB in a given habitat.
In this study, archaeal and bacterial amoA copy numbers measured by qPCR were used as indicators of the population sizes of these two groups of organisms. This is a widely used approach (27, 34, 45) ; however, it is important to consider the limitations of qPCR when evaluating these data. First, both AOA and AOB species can vary in the number of copies of amoA contained within their genomes, which complicates the inference of population size from copy numbers. Second, care should be exercised when comparing the population sizes of two groups of organisms (i.e., AOA and AOB) with significant differences in cell structure based on qPCR analysis of different genes amplified with different primer sets. Numerous methodological issues can confound these types of comparisons, including possible differences in cell lysis efficiency, DNA extraction efficiency, DNA stability, and PCR amplification bias (47).
In our study, the synthetic fertilizer and biosolids amendments both had significant positive effects on soil fertility, as indicated by increases in total soil inorganic N and increased crop yield. These results were expected, as synthetic fertilizers are designed specifically to increase soil nutrients and crop yields, and the positive effects of biosolids on soil nutrient concentrations, plant growth, and crop yields have been well documented in the literature (3, 11) . However, the results of our study revealed some interesting differences between the effects of biosolids and synthetic fertilizer on the microbial communities. Specifically, biosolids stimulated nitrification and resulted in increases in bacterial and archaeal amoA gene copy numbers, while fertilizer had no significant effect on nitrification rates or amoA gene copy numbers. As noted above, the positive effect of biosolids on nitrification rates was expected based on previous work (56) , and the increases in amoA copy numbers fit with the biosolids-induced increases in total nitrogen and other mineral nutrients. However, the lack of effect of the fertilizer was unexpected, because the fertilizer increased the concentration of NH 4 ϩ in the soils, which would be expected to stimulate nitrifiers, and because a recent study demonstrated that mineral fertilizer increased both nitrification rates and amoA copy numbers in soil microcosms (27) . One key difference between this microcosm study and our study is time. In the study by Jia and Conrad (27) , nitrification rates and amoA copy numbers were measured within 28 to 56 days of fertilizer addition, whereas in our study, data were collected approximately 7 months after the last treatments had been applied. It is possible that the fertilizer treatment in our study might have had some positive effects on nitrification rates and ammonia oxidizer populations but that these effects were transient and did not last 7 months. The design of our study did not enable us to address this possibility. In addition, the single sampling point did not allow us to analyze the time course of the changes we observed. It would be valuable in future experiments to collect samples closer to the time of application, multiple samples within a year, and samples over multiple years in order to follow the time course of these changes.
Interestingly, even 7 months after the last application, the levels of NH 4 ϩ in the fertilized soils remained significantly higher than those in the control and biosolid soils, yet there was no stimulation of nitrification activity. This result suggests that the activity of ammonia oxidizers was limited in the fertilized soils by some factor other than NH 4 ϩ and that biosolid amendment relieved this limitation. One possible limiting factor might have been P, an essential and often limiting nutrient for microbial growth that was significantly elevated in the biosolids-amended soils but did not differ significantly between the fertilizer and control treatments. The potential significance of P to ammonia oxidation in these soils was supported by the fact that a significant correlation was observed between available P concentration and nitrification rate. In addition, there was a significant correlation between available P and archaeal amoA copy numbers, but there was not a significant correlation between available P and bacterial amoA copy numbers. These data suggest a link between P and the growth and activity of AOA in these soils as well as a possible explanation for the distinct results observed for the biosolids and fertilizer treatments. In addition to P, the biosolids contained a number of other essential macro-and micronutrients that were not found in the fertilizer (e.g., Ca, Fe, Mg). We did not measure concentrations of these additional macro-and micronutrients in our soils, but any of these might also have contributed to the stimulation of ammonia oxidizers in the biosolids plots.
Biosolids additions also resulted in significantly higher levels of oxidized N compounds (nitrate and nitrite) in the soils than those of the fertilizer treatment, a trend that has been seen in several other recent studies (12, 23) . This increase in oxidized N compounds was likely driven by increased nitrification rates and not simply by the addition of biosolids, as the biosolids themselves contained N mainly as NH 4 ϩ and organic N. In fact the ratio of (NO 3 Ϫ ϩ NO 2 Ϫ )-N to NH 4 ϩ -N within the biosolids material itself was 0.025, while the ratios in the 1ϫBS-and 2ϫBS-amended soils were 26.2 and 44.5, respectively, and the ratio in the fertilized soil was 1.9. This dramatic shift in the relative amounts of oxidized and reduced N compounds in the biosolids-amended soils is strongly suggestive of increased nitrification activity. Increases in nitrification and in the proportion of N in oxidized forms can have significant implications for N availability, as oxidized N compounds are more susceptible than ammonia to removal from the soil via leaching and denitrification.
In summary, our study demonstrated that the addition of biosolids to an agricultural soil had significant positive effects on soil fertility, rates of nitrification, and population sizes of ammonia-oxidizing microorganisms. Additionally, the results of our study implicate AOA and not AOB as being primarily responsible for the increased nitrification resulting from biosolids additions. Finally, the results support the hypothesis that physiological differences between AOA and AOB may enable them to occupy distinct ecological niches and respond differently to agricultural management.
